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ABSTRACT
Sewage sludge, often referred to as biosolids, is generated in large quantities by 
wastewater treatment plants. It contains macro- and micronutrients which are es-
sential for plant growth and so represents a valuable agricultural resource. Prior to 
land application, pathogens are carefully monitored to reduce the risk of crop and 
soil contamination, however, to date there has been limited investigation of agricul-
turally beneficial bacteria indigenous to the biosolids. This study investigated shifts 
in the composition of the bacterial community alongside the physicochemical prop-
erties of biosolids of increasing age, from freshly dewatered to those stockpiled for 
approximately four years. With stockpiling, there was a significant increase in am-
monium content, ranging from 801 mg/kg in the fresh biosolids to 8,178 mg/kg in 
the stockpiled biosolids and a corresponding increase in pH ranging from 6.93 to 
8.21. We detected a ten-fold increase in Firmicutes, from 4% relative abundance in 
the fresh biosolids compared to 40% in the older, stockpiled biosolids. Plant growth 
promoting bacteria (PGPB) of the Proteobacteria family, particularly of the Devosia 
and Bradyrhizobium genera were identified in the freshly dewatered and the older, 
stockpiled biosolids. Land application of the biosolids studied here could reduce fer-
tiliser costs, provide a means of pH correction to acidic soils and a potential source 
of bacteria beneficial for crop growth.

1. INTRODUCTION
Australia produces approximately 300,000 tonnes of 

dry sewage sludge biosolids annually. Approximately 55% 
of this is applied to agricultural land, 30% stored in landfill 
and 15% is composted, used for land rehabilitation, land-
scaping or incinerated (Australian & New Zealand Biosol-
ids Partnership, 2016). 

The agricultural benefits of applying biosolids to soil 
are the addition of nutrients, particularly nitrogen and 
phosphorus and to increase organic matter. Beneficial 
effects have been demonstrated on crop yield and nutri-
tion (Cooper, 2005; Ferraz, Momentel, & Poggiani, 2016; 
Petersen, Petersen, & Rubæk, 2003; Warman & Termeer, 
2005) and soil physicochemical properties (Bevacqua & 
Mellano, 1993; Gómez-Muñoz, Magid, & Jensen, 2017; 
Qiong, Li, Cui, & Wei, 2012; Tamoutsidis, Papadopoulos, 
Tokatlidis, Zotis, & Mavropoulos, 2002) in a range of soil 
and crop types.

Advances in high-throughput 16S rDNA amplicon se-
quencing technologies provide a considerable amount of 
taxonomic information and have changed our understand-
ing of microbial diversity in the environment. Given the im-
portance of microbes to influence crop growth and nutrient 
availability in soil, consideration needs to be given to the 
composition of the microbial community indigenous to the 
biosolids as well as effects on the soil microbial communi-
ty following land application. A growing awareness of inoc-
ulation with plant growth promoting bacteria (PGPB) repre-
sents an important strategy for sustainable management 
and reduction of negative environmental impacts. Within 
the broad range of PGPB, the Proteobacteria phylum is the 
most represented, with a number of bacteria classified to 
this phylum capable of forming symbiotic relationships 
with leguminous plants. Some of these bacteria are also 
capable of producing phytohormones (Hershey, Lu, Zi, & 
Peters, 2014; Nagel, Bieber, Schmidt-Dannert, Nett, & Pe-
ters, 2018) and solubilizing inorganic phosphate (Z. Dai et 
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al., 2019), thereby promoting plant growth in a number of 
ways.

A number of studies have focused on pathogen de-
tection and abundance in biosolids (Bibby & Peccia, 2013; 
Bibby, Viau, & Peccia, 2010; Irwin et al., 2017; Karpow-
icz, Novinscak, Bärlocher, & Filion, 2010; Rouch, Fleming, 
Deighton, Blackbeard, & Smith, 2008; Viau & Peccia, 2009a, 
2009b; Yergeau et al., 2016), risks to human health during 
land application due to bioaerosol generation (Herrmann, 
Grosser, Farrar, & Brobst, 2017; Paez-Rubio et al., 2007), and 
effects on the indigenous soil microbial community follow-
ing land application (Hu, Pang, Yang, Zhao, & Cao, 2019; 
Mossa, Dickinson, West, Young, & Crout, 2017; Schlatter et 
al., 2019). To our knowledge, identification of bacterial di-
versity in biosolids of different ages and more importantly 
identification of agriculturally beneficial bacteria in biosol-
ids stockpiles has not been investigated.

The aims of this study were:

• To investigate the bacterial diversity and community 
composition of the biosolids from a wastewater treat-
ment plant, ranging from freshly dewatered sludge to 
that stockpiled for a period of four years. 

• To identify if agriculturally relevant bacteria (PGPB) 
were present in the aged biosolids.

2. MATERIALS AND METHOD
2.1 Biosolids collection

The Boneo wastewater treatment plant is located 83 
km from Melbourne, on Victoria’s Mornington Peninsu-
la. The plant accepts domestic wastewater and tankered 
waste including leachate from the local landfill sites and 
serves a population equivalent of approximately 47,800 
people. The annual median inflow of domestic wastewater 
to the plant is 10 ML day-1, however, there is significant 
seasonal variation due to the number of holiday homes in 
the area. Wastewater treatment is via a twin stream acti-
vated sludge process. Waste activated sludge from the bi-
oreactors is drawn from the return activated sludge (RAS) 
underflow from the clarifiers and treated via aerobic diges-
tion for approximately 10 days. The treated sludge is trans-
ferred to an anaerobic storage lagoon for further digestion 
to reduce volatile solids. Most of the sludge from the an-
aerobic lagoon is pumped to a continuously mixed storage 
tank of approximately 10 m3 capacity that supplies feed 
sludge to the belt press for dewatering. Dewatered sludge 
from the belt press is conveyed into one of the three en-
closed solar drying sheds where it is distributed over the 
drying floor by a mechanical tiller and dried to > 50% dry 
solids. After a predetermined period of time, equivalent to 
three months in summer and ten months during the win-
ter season, the sludge is harvested and transported to the 
biosolids stockpile area. Surplus sludge from the anaer-
obic lagoon that exceeds the capacity of the belt press/
solar drying shed route is pumped to an open-air sludge 
drying pan. After approximately one year in the drying pan 
the sludge is removed, usually at the end of summer when 
the sludge is at its driest, and transported to the biosolids 
stockpile area. Once stockpiled, the biosolids remain in a 

static state without mechanical turning or aeration. Typi-
cally, the dried sludge from the sludge drying pan and the 
solar dryers from the Boneo wastewater treatment plant 
is stockpiled for greater than three years to achieve the 
highest treatment grade (Grade T1). The treatment grades 
in accordance with the Environmental Protection Author-
ity (EPA) Publication 943 (EPA Victoria, 2004) are deter-
mined according to three main criteria: (i) adoption of a 
prescribed treatment process with minimum performance 
criteria (e.g. temperature/time); (ii) microbiological limits 
to demonstrate that the treatment processes are operat-
ing effectively; and (iii) measures for controlling bacterial 
regrowth, vector attraction and generation of nuisance 
odours. Grade T1 (< 100 Eschericia g-1 dry solids, < 1 Sal-
monella spp. 50 g-1 dry solids, ≤ 1 enteric virus 100 g-1 
dry solids) represents the highest quality grade and from a 
microbiological perspective is suitable for unrestricted use, 
whereas restrictions on end use apply to T2 and T3 biosol-
ids (EPA Victoria, 2004). Recently, Irwin et al (2017) verified 
the sludge treatment processes at the Boneo wastewater 
treatment plant and concluded that this plant achieved T1 
grade biosolids with respect to prescribed log reductions 
for a range of pathogens (> 3 log10 enteric virus and > 2 
log10 Ascaris ova in addition to achieving the E. coli and 
Salmonella criteria as above), after a stockpiling/storage 
period of one year. Shortening the storage time from three 
years to one year reduces overall site odour potential, im-
proves site aesthetics as well as reduces the total area of 
land required for stockpiling. Only biosolids from the so-
lar dryer route were investigated in this study as biosolids 
from the drying pans are inadvertently mixed with clay liner 
from the drying pan during harvest.

The biosolids stockpile sampling equipment was de-
contaminated using the Environmental Protection Agency 
Victoria (EPA) approved triple wash procedure (Extran® 
solution followed by rinsing with tap water then de-ionised 
water), between each sample core to avoid cross-contam-
ination. Disposable gloves and boot covers were worn dur-
ing the sampling of stockpiles and were replaced between 
each sample location within a stockpile. Samples were 
placed into sterile bags and stored on ice. Upon arrival at 
Monash University they were stored at - 20°C until phys-
icochemical analysis and DNA extraction were performed

The biosolids samples were collected from five points 
within the sludge treatment process and identified accord-
ing to the period of time elapsed post-dewatering. The 
first sampling point was at the conveyor belt, which trans-
ported the dewatered biosolids into the solar drying shed. 
Six grab samples of approximately 250-300 g each were 
combined to form a composite sample of approximately 
1.6 kg, which was identified as week 0 (t=0). The second 
sampling point was in the solar drying shed, furthest away 
from the incoming dewatered sludge, where the biosolids 
had been turned and dried by mechanical tillering for one 
week. Six grab samples of approximately 150-200 g each 
were collected from the width of the shed floor and com-
bined to form a composite sample of approximately 1.1 kg. 
This sample was identified as week 1 (t=1). Over a period 
of time, the biosolids are moved from the drying shed to 
outdoor stockpiles. Prior to transporting the biosolids to 
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the stockpile area, six grab samples of approximately 200 
g each were collected and combined to form a compos-
ite sample of approximately 1.2 kg, which was identified 
as week 2 (t=2). Portable percussion sampling equipment 
was used to collect cores from biosolids stockpiles which 
had been established in 2015 and 2012, with biosolids ad-
ditions made to each stockpile within that year. Five repli-
cate cores were collected from regular intervals along the 
length of each stockpile. Once the sample had been extrud-
ed from the coring tool, a portion of biosolids was retained 
from depths of 0.7 and 1.5 m from the 2015 stockpile, and 
1.5 m and 2 m from the 2012 stockpile. These depths rep-
resented mid-depth and 1 m from the base of the pile and 
will be collectively referred to henceforth as Depth 1 and 
Depth 2, respectively. Biosolids sampled from the 2015 and 
2012 stockpiles will be referred to as 52 weeks and 208 
weeks, respectively. The total number of biosolids sam-
ples collected from the site was 23 (1 each from 0, 1 and 
2 weeks, 10 from 52 weeks and 10 from 208 weeks). All of 
the biosolids were collected on the same day (26th Octo-
ber 2016). The waste-water treatment process at the site 
hasn’t changed since 2012 hence it is justifiable to com-
pare the fresh biosolids (0, 1 and 2 weeks) to the 2015 (52 
weeks) and 2012 (208 weeks) biosolids. 

2.2 Biosolids physiochemical properties
The pH and EC of the biosolids were determined in 5 g 

sub samples suspended in deionised water (1:5 W/V) fol-
lowing shaking for 1 h using a TPS WP81 meter and probe 
(TPS Pty Ltd, Springwood, Qld). Total C and N were deter-
mined by dry combustion (Vario microcube, Elementar). 
Approximately 5 g of each sample was dried at 105°C for 
48 h and moisture loss determined from the loss of mass 
before and after drying. A portion of each sample was sub-
mitted to ALS, Scoresby, Victoria for ammonium, nitrate, 
Olsen P and total K analysis.

2.3 DNA extraction and sequencing analysis
Genomic DNA was extracted from each biosolids sam-

ple in triplicate using the PowerSoil® DNA Isolation Kit 
(MoBio Laboratories, Carlsbad, CA), following the manu-
facturer’s procedure with the only exception being a dou-
ble wash with Solution C5 on the spin filter prior to DNA 
elution. Yields and purity of the DNA were determined by 
NanoDrop (Thermoscientific) at 260 and 280 nm. PCR 
amplification was carried out on the purified DNA (~20 
ng input) using KAPA HiFi HotStart ReadyMix (Kapa Bi-
osystems, South Africa) and primers targeting the V3-
V4 region of microbial 16S rRNA gene. (Bartram, Lynch, 
Stearns, Moreno-Hagelsieb, & Neufeld, 2011; Klindworth et 
al., 2012). The forward and reverse primers were synthe-
sized to contain partial Illumina adaptor sequence on their 
5’ ends (TCGTCGGCAGCGTCAGATGTGTATAA¬GAGACAG 
and GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG for 
forward and reverse primers, respectively) that enable the 
addition of Illumina dual index barcode in the second PCR 
step. The first PCR conditions involved an initial denatura-
tion step at 95°C for 3 min followed by 25 cycles of 95°C 
for 30 sec, 55°C for 30 sec and 72°C for 30 sec and ended 
with an extension step at 72°C for 5 min. The PCR prod-

ucts were purified using 0.8× volume of AmpureBead XP 
(Beckman Coulter, Danvers, MA) and were then used as the 
template for the second PCR step with similar cycling con-
dition followed by another round of purification using 0.6x 
volume of AmpureBead XP (Beckman Coulter, Danvers, 
MA). Each library was individually quantified using Qubit 
dsDNA BR Assay Kit (Invitrogen, Santa Clara, CA), normal-
ized, pooled, denatured and sequenced on the MiSeq (2 × 
250 bp paired-end run) located at the Monash University 
Malaysia Genomics Facility.

2.4 Bioinformatics
Primer sequences were trimmed from the 5’ end of 

each read using cutadapt version 1.14 (Martin, 2011). The 
trimmed pair-end reads were quality-trimmed and merged 
using the fastq_mergepairs command as implemented in 
USEARCH v9 (Edgar & Flyvbjerg, 2015). The overlapped 
reads were subsequently dereplicated, clustered at 97% 
identity cut off and chimera-filtered using UPARSE (Edgar, 
2013). Taxonomy assignment, abundance estimation, and 
diversity metric calculation were performed using QIIME 
1.8 (Caporaso et al., 2010).

2.5 Statistical analysis
Bacterial abundance data was arcsine transformed and 

the normality assessed by the Sharpiro-Wilk test. At the 
phylum level of classification, phyla with less than 2% abun-
dance were categorised as ‘Other’. Significant differences 
in abundance at the phylum level between the biosolids of 
increasing age were identified by Kruskal-Wallis followed 
by pairwise comparisons by Dunn’s multiple comparison 
test. Significant differences in the bacterial alpha diversity 
were identified by the Kruskal-Wallis test. Significant differ-
ences in the relative abundance of bacteria at the genus 
classification level were identified by Analysis of Similari-
ties (ANOSIM) with Bray Curtis distance index and genera 
contributions to dissimilarity identified by Similarity Per-
centage analysis (SIMPER). Shared operational taxonomic 
units (OTUs) were identified using the “compute_core_mi-
crobiome.py” command (default setting) in QIIME and the 
Venn diagram constructed using VENNY (Oliveros, 2015).

The normality of the biosolids physicochemical data 
was assessed by the Shapiro-Wilks test and significant 
differences were identified by ANOVA and Tukey’s Honest-
ly Significant Difference (HSD) using IBM SPSS Statistics 
for Windows, Version 23.0. Armonk, NY: IBM Co. Canonical 
correspondence analysis was used to identify the physic-
ochemical properties associated with changes in bacteri-
al abundance and Spearman’s rank-order correlation was 
used to confirm the relationship using PAST - Paleonto-
logical statistics software package for education and data 
analysis.

3. RESULTS
3.1 Relative bacterial abundance at the phylum level 
of classification

The allocation of sequences to phyla is generally con-
sidered robust, particularly if correction procedures are im-
plemented to remove biases and errors (Edgar, 2013; Edgar 
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& Flyvbjerg, 2015). Irrespective of the sampling depth and 
biosolids age, the dominant phyla were Firmicutes, Actino-
bacteria, Bacteroidetes and Proteobacteria. (Figure 1). The 
phyla Acidobacteria Chlamydiae, Planctomycetes, Syner-
gistetes, TM7 and Verrucomicrobia were also detected but 
at lower abundances. The most dramatic increase was in 
the abundance of Firmicutes which increased ten-fold from 
4.2% in the fresh biosolids to 40 to 44% in the stockpiled 
biosolids. The abundance of Actinobacteria was variable, 
with no clear trend, ranging from 10.9 to 19.3% and the 
abundance of Proteobacteria decreased with stockpiling 
from 18.5 to 20.4% in the fresh biosolids to 11.5% in the 
stockpiled biosolids.

The abundance of the less dominant phyla Acidobac-
teria, Chlamydiae, Chloroflexi, Planctomycetes and Ver-
rucomicrobia all decreased significantly with increasing 
biosolids age. The abundance of Synergistetes increased 
significantly with biosolids stockpiling time from 0.13% 
in the fresh biosolids to 2.5% in the stockpiled biosolids. 
There were significant differences in the relative abun-
dance of phyla with biosolids age, with the exception of 
Bacteroidetes (Table 1).

The relative abundance of each phylum at the two sam-
pling depths was determined in the stockpiled biosolids (52 

and 208 weeks). Within the 52 weeks stockpile there were 
significant decreases in Acidobacteria, Proteobacteria and 
Planctomycetes with increasing depth (Table 2). There were 
significant increases with depth in the abundance of Firmi-
cutes and Synergistetes. In the 208 weeks stockpile, there 
were significant increases in Acidobacteria, Actinobacteria, 
Bacteroidetes, Chlamydiae, Planctomycetes, and TM7 with 
increasing depth. There were significant decreases in Bac-
teroidetes, Synergistetes, and Verrucomicrobia phyla. 

3.2 Bacterial alpha diversity
Bacterial alpha diversity significantly decreased with 

increasing age of the biosolids as indicated by chao1 
(p<0.01), observed OTUs (p<0.01) and Shannon index 
(p<0.01) (Figure 2). For each measure of alpha diversity, 
there was no significant difference between the 52 and 208 
weeks old biosolids. There were significant differences be-
tween all other pairwise combinations. 

3.3 Biosolids physicochemical properties
The pH of the biosolids was significantly higher in the 

older stockpiled biosolids compared to the fresh biosolids, 
ranging from 8.21 to 6.93, respectively (Table 3). There was 
a significant increase in the ammonium content of the bio-

FIGURE 1: Relative abundance of the bacterial phyla in the biosolids according to age (weeks) irrespective of sampling depth. Phyla with 
less than 2% of the overall abundance were categorised as Other.
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Phylum
Krus-

kal-Wallis  
p value

Biosolids age (weeks)

1 2 52 208

Acidobacteria ** 0 ns ns 0.04 0.01

1 ns 0.01 <0.01

2 ns 0.02

52 ns

Actinobacteria * 0 0.04 0.02 ns ns

1 ns 0.04 ns

2 0.01 0.03

52 ns

Bacteroidetes ns

Chlamydiae ** 0 ns ns <0.01 <0.01

1 ns <0.01 0.01

2 <0.01 <0.01

52 ns

Chloroflexi ** 0 ns ns <0.01 0.01

1 ns 0.02 0.03

2 <0.01 <0.01

52 ns

Firmicutes ** 0 ns ns <0.01 <0.01

1 ns <0.01 <0.01

2 <0.01 <0.01

52 ns

Planctomycetes ** 0 ns ns 0.03 <0.01

1 ns ns <0.01

2 ns <0.01

52 <0.01

Proteobacteria ** 0 ns ns ns ns

1 ns ns 0.04

2 ns 0.02

52 0.02

Synergistetes ** 0 ns ns ns 0.04

1 ns ns 0.02

2 ns <0.01

52 <0.01

TM7 ** 0 ns ns ns 0.04

1 ns ns 0.01

2 ns 0.03

52 <0.01

Verrucomicrobia ** 0 ns ns <0.01 <0.01

1 ns 0.03 <0.01

2 ns 0.04

52 ns

TABLE 1: Pairwise comparisons of the relative abundance of bac-
terial phylum in the fresh (0, 1 and 2 week) and stockpiled (52 and 
208 weeks) biosolids as determined by Kruskal-Wallis followed by 
Dunn’s multiple comparison test. The abbreviation ‘ns’ refers to 
not significant. * p<0.05, ** p<0.01

solids with stockpiling, with 801 mg/kg in the fresh biosol-
ids compared to up to 8,178 mg/kg in the stockpiled biosol-
ids. Analysis by ANOVA indicated significant differences in 
nitrate between the biosolids but this was not significant 

by Tukey’s HSD due to the conservative nature of the anal-
ysis. There were no significant changes in Olsen P, total N, 
total C or K with stockpiling. There was a significant de-
crease in moisture with stockpiling. Canonical Correspond-
ence Analysis (CCA) (Figure 3) indicated that the change 
in abundance of Firmicutes may have been influenced by 
ammonium concentration and total K. This was indicat-
ed by the close proximity of Firmicutes abundance to the 
quantitative explanatory variables ammonium and total K, 
in the direction of increasing concentration. Spearman cor-
relation confirmed this, with ammonium content being the 
main driver of Firmicutes abundance changes and less so 
influenced by pH, K and total N (Table 4). 

3.4 Genera in the Firmicutes phylum 
Analysis by ANOSIM with Bray-Curtis distance index in-

dicated that at the genus classification, the composition of 
the Firmicutes phylum in the fresh (weeks 0, 1 and 2 com-
bined) biosolids was significantly different to that of the 
stockpiled (weeks 52 and 208 combined) biosolids (Table 
5). Pairwise comparison indicated significant differences 
in Firmicutes community composition with depth in 52 
weeks biosolids stockpile while the composition of the 208 
weeks stockpile is more consistent.

Bacteria community compositional differences were 
identified by SIMPER. Only genera that contributed to great-
er than 5% dissimilarity have been reported. Comparisons 
were made between the composition of the fresh biosolids 

TABLE 2: Bacterial phylum relative abundance at two depths in the 
52 and 208 weeks old biosolids stockpiles. The values presented 
are Kruskal-Wallis mean rank. The abbreviation ‘ns’ refers to not 
significant. * p<0.05, ** p<0.01

Biosolids age 
(weeks)

Bacterial phylum Depth 1 Depth 2 p value

52 Acidobacteria 16.00 14.33 **

Actinobacteria 17.29 11.33 ns

Bacteroidetes 14.48 17.89 ns

Chlamydiae 14.26 18.39 ns

Chloroflexi 13.95 19.11 ns

Firmicutes 15.14 16.33 **

Planctomycetes 15.62 15.22 **

Proteobacteria 15.90 14.56 **

Synergistetes 14.38 18.11 *

TM7 17.38 11.11 *

Verrucomicrobia 14.67 17.44 ns

208 Acidobacteria 10.47 20.53 **

Actinobacteria 10.00 21.00 **

Bacteroidetes 19.40 11.60 **

Chlamydiae 12.13 18.87 **

Chloroflexi 14.67 16.33 ns

Firmicutes 14.07 16.93 ns

Planctomycetes 9.83 21.17 **

Proteobacteria 14.93 16.07 ns

Synergistetes 12.00 10.00 **

TM7 10.00 21.00 **

Verrucomicrobia 18.67 12.33 *
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and the 52 weeks biosolids at sampling depth 1. The larg-
est contributor to dissimilarity was Tepidimicrobium with 
19.53% contribution, increasing in abundance from 0.08 
to 11.10%, respectively (Table 6). Bacillus accounted for a 
15.4% contribution, followed by Caldicoprobacter (11.08%), 
Anoxybacillus (6.78%), Desulfotomaculum (6.32%) and 
Paenibacillus (6.25%).

Comparisons were made between the composition of 
the 52 weeks biosolids at sampling depths 1 and 2 (Table 
7). Sporosarcina was the largest contributor to dissimilarity 
at 12.37% with an increase in the mean from 1.1 to 6.77%, 
respectively. The next largest contributor was Bacillus at 
11.63%, followed by Caldicoprobacter (8.82%) Tepidimicro-
bium (8.71%), Anoxybacillus (6.01%), Clostridium (5.90%) 
and Geobacillus (5.87%). 

3.5 Shared Operational Taxonomic Units (OTUs)
Twelve OTUs were present in all of the collected bio-

solids, from fresh to stockpiled (Table 8). These were pre-
dominantly classified to the Proteobacteria phylum, with 
Actinobacteria and Firmicutes also represented. 

4. DISCUSSION
Next generation sequencing was used to character-

ise the bacterial community in fresh, dewatered (0, 1 and 
2 weeks old) and stockpiled biosolids (52 and 208 weeks 
old). Significant shifts in the composition of the bacterial 
community with stockpiling were detected, correlating to 
changes in the physicochemical properties of the biosol-
ids. To our knowledge this is the first culture-independent 
study of bacterial community shifts with physicochemical 
properties assessment over time comparing freshly dewa-
tered biosolids to those stored in unmanaged stockpiles. 

The dominant phyla identified in the fresh and stock-
piled biosolids were similar to those detected in other 
studies, although in varying proportions (Bibby et al., 
2010; Novinscak, Filion, Surette, & Allain, 2008; Yergeau et 
al., 2016). Yergeau et al. (2016) found that in dewatered 
sludge, the dominant phyla were Bacteroidetes, Proteobac-
teria and Firmicutes, but a comparatively lower abundance 
of Actinobacteria. Conversely, Novinscak, DeCoste, Surette, 
and Filion (2009) demonstrated that in biosolids stored in 

FIGURE 2: Observed OTUs (A), Chao1 (B) and Shannon index (C) 
of the fresh (0, 1 and 2 week) and stockpiled (52 and 208 weeks) 
biosolids. * indicates that these values are not significantly differ-
ent by Dunn’s Multiple Comparison test. All other pairwise combi-
nations are significantly different.

Biosolid age (weeks)

Fresh 52  
Depth 1

52  
Depth 2

208  
Depth 1

208 
Depth 2

pH 7.39b 

(0.07)
6.93c 

(0.22)
8.10a 

(0.03)
8.21a 

(0.02)
8.01a 
(0.02)

Ammonium  
(mg/kg)

801c 

(71)
4655b 

(797)
8178a 

(1424)
7280a 

(440)
6327ab 

(439)

Nitrate 
(mg/kg)

0.45 
(0.27)

2444 
(1125)

249 
(247)

15 
(15)

98 
(43)

Total K 
(mg/kg)

2333 
(296)

4040 
(517)

3225 
(423)

3840 
(287)

3440 
(341)

Olsen P 
(mg/kg)

2433 
(521)

1232 
(98)

3300 
(1903)

1540 
(144)

878 
(122)

Total C  
(%)

21.57 
(2.65)

25.31 
(2.69)

28.01 
(1.58)

21.60 
(0.87)

20.62 
(1.38)

Total N  
(%)

3.37 
(0.24)

3.82 
(0.45)

4.41 
(0.32)

4.02 
(0.30)

3.40 
(0.25)

Moisture 
(%)

49.03a 

(2.25)
34.07b 
(1.91)

32.62b 

(3.34)
38.00ab 

(2.47)
38.77b 
(1.31)

TABLE 3: Physiochemical properties of the fresh and stockpiled 
biosolids. Mean values are presented and values in parentheses 
represent standard error. Values in rows with the same lower case 
letter are not significantly different at p=0.05 as assessed by Tuk-
ey’s HSD.
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FIGURE 3: Canonical Correspondence Analysis (CCA) of the physicochemical properties of the biosolids regardless of age and the relative 
abundance of bacteria classified to the phylum level. The green lines indicate the direction of increase of each quantitative explanatory variable.

Phylum pH Ammonium 
(mg/kg)

Nitrate 
(mg/kg)

K  
(mg/kg)

Olsen P  
(mg/kg)

C  
(%)

N  
(%)

Moisture  
(%) 

Acidobacteria -0.81** -0.83** 0.34 -0.31 -0.031 -0.28 -0.53** 0.17

Actinobacteria -0.12 -0.27 0.09 -0.26 -0.24 -0.20 -0.38 0.15

Bacteroidetes 0.14 -0.26 -0.15 -0.05 0.30 0.34 0.46 0.04

Chlamydiae -0.09 -0.54** -0.38 -0.54** 0.06 0.07 -0.25 0.44*

Chloroflexi -0.20 -0.61** -0.50 -0.23 0.15 0.03 -0.15 0.40

Firmicutes 0.57** 0.81** -0.18 0.49* -0.06 0.23 0.46* -0.35

Planctomycetes -0.68** -0.73** 0.44* -0.46* -0.12 0.02 -0.46* 0.18

Proteobacteria -0.62** -0.43** 0.17 -0.28 -0.04 -0.29 -0.52* 0.27

Synergistetes 0.70** 0.67** -0.69** 0.28 -0.04 0.02 0.37 -0.08

TM7 -0.74** -0.64** 0.67** -0.37 -0.17 -0.05 -0.47* 0.05

Verrucomicrobia -0.01 -0.60** -0.11 -0.44* 0.34 0.27 0.02 0.28

TABLE 4: Spearman’s rank order correlation coefficients. Values in bold highlight significant correlations where ** p<0.01 and *p<0.05.

Biosolid age (weeks)

Depth 1 (52) Depth 2 (52) Depth 1 (208) Depth 2 (208)

Fresh (0, 1 and 2 weeks pooled) ** ** ** **

52 weeks, Depth 1 - * * *

52 weeks, Depth 2 - - ns ns

208 weeks, Depth 1 - - - ns

TABLE 5: Pairwise comparisons of the composition of the Firmicutes phylum at the genus level where *p<0.01 and **p<0.001. The abbre-
viation ‘ns’ refers to not significant. 

windrows, the abundance of Firmicutes decreased signif-
icantly with Proteobacteria becoming the dominant phyla 
however the management practices e.g. turning and aera-
tion were not described. In comparison to the phyla identi-
fied in agricultural soils, depending on management prac-
tices, Proteobacteria would be expected to dominate the 
community with lower abundances of phyla including Ac-

idobacteria, Actinobacteria, Verrucomicrobia, Bacteroide-
tes, Chloroflexi and Firmicutes, (Bibby et al., 2010; Janssen, 
2006; Shange, Ankumah, Ibekwe, Zabawa, & Dowd, 2012),  
The persistence and functionality of biosolids indigenous 
bacteria once applied to land would depend on a range of 
factors including environmental conditions, the crop and 
soil type and competition for resources from the soil indig-
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Taxon Average dissimilarity Contribution (%) Cumulative (%) Mean Fresh Mean 52 weeks, Depth 1

Tepidimicrobium 17.62 19.53 19.53 0.08 11.10

Bacillus 13.90 15.40 34.93 0.23 9.20

Caldicoprobacter 10.00 11.08 46.01 0.10 6.34

Anoxybacillus 6.12 6.78 52.79 <0.01 3.56

Desulfotomaculum 5.71 6.32 59.11 0.03 3.62

Paenibacillus 5.64 6.25 65.37 0.06 3.22

TABLE 6: SIMPER analysis of the fresh biosolids compared to the 52 weeks biosolids at sampling depth 1. 

TABLE 7: SIMPER analysis of the 52 weeks biosolids sampled at depth 1 compared to depth 2.

Taxon Average dissimilarity Contribution (%) Cumulative (%) Mean 52 weeks, Depth 1 Mean 52 weeks, Depth 2

Sporosarcina 3.97 12.37 12.37 1.10 6.77

Bacillus 3.74 11.63 24.00 9.20 11.10

Caldicoprobacter 2.84 8.82 32.82 6.34 9.49

Tepidimicrobium 2.80 8.71 41.53 11.10 10.80

Anoxybacillus 1.93 6.01 47.55 3.56 1.37

Clostridium 1.90 5.90 53.45 2.74 4.73

Geobacillus 1.89 5.87 59.31 2.44 4.40

TABLE 8: Shared OTUs between the fresh and stockpiled biosolids. Values in parentheses represent ± standard error based on relative 
abundance.

OTU ID Phylum Classification 
level Classification Abundance within 

the phylum (%)
Mean times 

detected Fresh
Mean times de-
tected 52 weeks

Mean times detected 
208 weeks

4 Actinobacteria Genus Mycobacterium 18.86 446.67 (34.26) 224.00 (30.23) 593.33 (71.57)

216 Actinobacteria Genus Microbacterium 0.95 7.44 (1.08) 14.17 (2.25) 7.80 (1.22)

84 Firmicutes Family Clostridiaceae 0.86 55.89 (4.47) 47.57 (6.72) 43.27 (5.31)

17 Firmicutes Family Clostridiaceae 1.77 135.00 (7.08) 86.60 (11.50) 93.80 (11.69)

85 Firmicutes Genus Turicibacter 0.74 53.22 (3.46) 38.77 (5.76) 34.90 (5.03)

42 Firmicutes Family Clostridiaceae 1.71 127.56 (9.09) 81.50 (11.86) 90.93 (13.47)

59 Proteobacteria Genus Mesorhizobium 3.87 44.56 (4.33) 126.57 (14.43) 58.17 (5.35)

69 Proteobacteria Genus Hyphomicrobium 1.70 25.56 (2.64) 45.27 (6.52) 40.90 (5.96)

898 Proteobacteria Genus Hyphomicrobium 0.47 4.22 (0.60) 12.43 (3.28) 12.63 (2.46)

1403 Proteobacteria Family Bradyrhizobium 0.30 4.33 (0.71) 5.50 (0.67) 8.40 (1.45)

217 Proteobacteria Order Rhizobiales 0.41 4.11 (0.72) 7.57 (0.97) 13.87 (1.77)

578 Proteobacteria Genus Devosia 0.55 2.00 (0.37) 15.53 (2.53) 14.33 (2.10)

enous microbes (Deng et al., 2019; Trabelsi, Mengoni, Ben 
Ammar, & Mhamdi, 2011).

In terms of the physicochemical properties of the fresh 
and stockpiled biosolids, total N and total K were within the 
range of that found in other studies of 20-80 g/kg and 1-6 
g/kg, respectively (Cogger, Forge, & Neilsen, 2006). The P 
was lower in our study compared to 15-30 g/kg measured 
by Cogger et al. (2006), however we measured plant avail-
able P (Olsen P) rather than total P. The biosolids stock-
piles accumulate over a period of time, with no turning or 
aeration and so regions within the stockpiles transition in 
their exposure to the atmosphere, becoming anaerobic af-
ter a period of time being aerobic. The dramatic increase in 
ammonium content from the fresh biosolids to the older, 
stockpiled biosolids along with low levels of nitrate indi-
cate a limitation in the oxidation of ammonium to nitrate. 
The significant increase in pH, ammonium and decrease 
in nitrate at the two depths in the 52 weeks stockpile in-
dicates the development of environmental and ecological 

niches while in the 208 weeks stockpile there was more 
consistency in terms of the physicochemical and bacterial 
community composition with depth. The decrease in bac-
terial diversity with increasing biosolids age was likely due 
to environmental stress induced by high concentrations of 
ammonium and increased pH (Lauber, Hamady, Knight, & 
Fierer, 2009). 

Firmicutes produce endospores and can persist in a 
wide range of environments for long periods of time, ex-
plaining their prevalence in high ammonium and alkaline pH 
conditions in our study. The significant shift in the composi-
tion of the Firmicutes phylum with stockpiling was attribut-
ed primarily to genera Tepidimicrobium and Sporocarcina. 
Tepidimicrobium is a protein degrader, identified in anaer-
obic digestates and as also demonstrated here, tolerant to 
elevated ammonium concentrations (Huang et al., 2013; Li 
et al., 2017) . Conversely X. Dai et al. (2016) demonstrat-
ed a decrease in the abundance of Tepidimicrobium and 
Firmicutes in general with increasing ammonium stress in 
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anaerobic digestion of sewage sludge with the ammonium 
level artificially raised to 6000 mg N/L. Tepidimicrobium is 
a strict anaerobe so is not likely to persist once the biosol-
ids are applied to agricultural land. Sporosarcina requires 
high ammonium and alkaline pH conditions for growth. 
(Mörsdorf & Kaltwasser, 1989). Species of this genus are 
commonly found in fertile soils, may produce urease to as-
sist the breakdown of urea and are aerobic or facultatively 
anaerobic so could persist once the stockpiled biosolids 
have been distributed from the stockpile (Editorial, 2015). 
Paenibacillus and Bacillis increased in relative abundance 
with stockpiling and depending on the species, could be of 
agricultural benefit if added to an agricultural system. Pae-
nibacillus are known to promote plant growth by a range of 
strategies including symbiotic N2 fixation, the production 
of auxin and the control of pathogens (Grady, MacDonald, 
Liu, Richman, & Yuan, 2016; McSpadden Gardener, 2004). 
The Bacillis genus consists of species with a wide range of 
functions which may be pathogenic or beneficial. Species 
may be aerobic or facultative anaerobic so may persist ei-
ther as endospores or functioning bacteria following land 
application would need to be monitored.

Despite changes in the physicochemical composition 
of the biosolids with increasing age, agriculturally benefi-
cial nitrogen fixing bacteria belonging to the genus Devosia 
and Bradyrhizobium (Wolińska et al., 2017) were detected. 
The abundance of Rhizobium increases with increasing 
pH due to increased availability of nutrients such as Mo 
(Lowendorf, Baya, & Alexander, 1981). While to our knowl-
edge there have been no previous reports of direct detec-
tion in biosolids, a study conducted by Cousin, Grant, Dixon, 
Beyene, and van Berkum (2002) isolated Bradyrhizobium 
from soil plots to which biosolids had been applied but not 
from the untreated control plots. It was concluded that the 
rhizobium may have been introduced with the biosolids. 
Although these bacteria represent a relatively small pro-
portion of the phylum, their presence is important for plant 
growth promotion however their ability to form nodules 
after application to crops will depend on the species of 
rhizobium, soil conditions and compatibility with the crop 
(Slattery & Pearce, 2001). 

The bacterial community in the stockpiled biosolids 
had a similar composition to that of an anaerobic digester, 
dominated by Firmicutes with Actinobacteria, Bacteroide-
tes and Proteobacteria (De Vrieze et al., 2015). In addition 
to use in agriculture, there could be potential for biopros-
pecting the biosolids for inoculant for anaerobic digestion 
and composting (Slimane, Fathya, Assia, & Hamza, 2014). 
Bacteria detected in the biosolids including Anoxybacil-
lus, a cellulolytic thermophile, speeds up composting by 
increasing the duration of the thermophilic phase (Ghaf-
fari, Sepahi, Razavi, Malekzadeh, & Haydarian, 2011) and 
likewise, Geobacillus has demonstrated a similar effect 
(Sarkar et al., 2010). 

5. CONCLUSIONS
The stockpiled biosolids in this study are an alkaline 

product with elevated ammonium content and along with 
the presence of beneficial bacteria make the application of 

biosolids to agricultural land an attractive option, potential-
ly reducing fertiliser costs and pH correction in acidic soils. 
For any valorisation study, pathogen content needs to be 
monitored. Field trials in a range of soil types are needed 
to determine the persistence of agriculturally relevant mi-
crobes and soil physicochemical properties, particularly 
pH and available nutrients such as ammonium, nitrate and 
phosphorus. This study was limited to one wastewater 
treatment plant and this could be extended to additional 
plants and biosolid stockpiles. The potential for using the 
biosolids as an inoculant for anaerobic digestion and com-
posting could also be investigated.
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